Air-fuel ratio control in gasoline engines has so far relied upon the fact that the stoichiometric air-fuel ratio of gasoline is an identified constant, largely thanks to its consistent chemical composition. In the case of Liquefied Petroleum Gas (LPG), chemical composition is subject to high variability due to geological and economic factors, amongst others. The implication of this variability is unpredictable stoichiometric air-fuel ratio of the fuel supply within any given vehicle, and ultimately degraded control of air-fuel ratio. This paper addresses the problem of stoichiometric air-fuel ratio estimation by evaluating the measurement and modeling of the relative permittivity of fuel, and also the method of iterative computation. For the estimation method proposed in this paper, simulation results are presented to demonstrate its effectiveness.
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INTRODUCTION
For the automotive industry, the impetus of finding alternative fuels to gasoline has been driven by the everheightening environmental consciousness of society at large. Liquefied Petroleum Gas (LPG) has been identified as one of the most attractive alternative automotive fuels for its favourable environmental as well performance characteristics [1] , [10] . However, air-fuel ratio control, an integral part of the exhaust minimization process, proves to be much more difficult in LPG engines than its gasoline counterpart. One of the main contributors to this problem is the fact that LPG composition is subject to high variability due to factors such as the geological characteristics of the crude oil extraction site, local market prices [1] and the mixing of different blends of LPG by motorists through refuelling. The aim of this paper is to help take advantage of LPG's clean-burning nature by addressing the aforementioned problem. It must be mentioned that there exist thermodynamic issues which compound the air-fuel ratio control problem, i.e. the possibility of mixed-phase fuel being delivered to the injectors due to the vaporisation of lighter fuel components within the fuel line. However, though pertinent to the problem at large, it is assumed for the purposes of this paper that these characteristics are negligible and/or can be prevented through appropriate design modifications.
The implication of unknown LPG composition is that the stoichiometric air-fuel ratio (the ratio at which postcatalyst pollutants are minimized and denoted here as S r ) is rendered unknown, contrary to gasoline for which it is a known constant. Thus, to minimize emissions by air-fuel ratio control, S r is used as the control input, where injected fuel mass ( f m ) is the control variable that is designed to achieve r S given an estimate of the mass airflow ( a m ) into the cylinder. A survey of current air-fuel ratio control research [2] , [4] , [9] , shows that current efforts largely do not encompass the case where the control reference is unknown. Though not stated, conventional closed-loop schemes can compensate the effects of an unknown reference, as the reference error is lumped together with the error in a m . It is clear that this is a less-than-ideal solution as the air-fuel ratio controller is typically a fuel table which maps the control law to each quantized operating point of the engine (represented by the pair manifold air pressure m P (bar) and engine speed n (rev/min)), and therefore corrections at any one time cannot be applied over the entire table.
On the other hand, by obtaining an estimate of S r , which is common throughout the table, a global update of the fuel table is then allowed. A further advantage of this is that air-fuel ratio controllers would not be unnecessarily burdened with the task of compensating for errors in S r by adjusting a m during the drive cycle, giving rise to improved control performance, particularly in transient operation.
In this paper, S r identification is derived from the initial conjecture that S r of any fuel blend may be inferred by measuring a physical property of the blend. The result of this investigation shows that for fuel blends exceeding two chemical components, the relationship between S r and the property of choice is underdetermined but bounded. The latter property of the mapping leads to the development of a computation scheme of S r estimation using the exhaust air-fuel ratio feedback.
STOICHIOMETRIC AIR-FUEL RATIO AS A FUNCTION OF RELATIVE PERMITTIVITY
The fact that a physical property of a chemical system can be modelled as a function of its composition is the main motivation of using the measurement method. The conjecture here is the possibility that a fuel blend of a particular composition may yield a unique value of a chosen physical property. The chosen property is relative permittivity, which was used by Takeuchi et. al.
[13] to measure methanol content in blended gasoline.
In this section, the mapping between this property and the stoichiometric air-fuel ratio of LPG blends is investigated, where only hydrocarbon blends are involved, with the assumption that each hydrocarbon species present in the blend are accounted for. The respective proportionalities of each species are taken to be unknown.
STOICHIOMETRIC AIR-FUEL RATIO AS A FUNCTION OF FUEL COMPOSITION
The composition of a fuel blend is represented here as a vector of proportionalities, shown here
where each vector element represents the molar proportionality (mole fraction) of each hydrocarbon species. The sum of the vector elements is 1.
Using the complete combustion equation [3] , and taking the total amount of fuel used in the combustion equation to be 1 mol, the stoichiometric ratio of air and fuel mass can thus be expressed as a function of T y as follows where α is the magnetic polarisability, and ε 0 is the relative permittivity of free space (8.85x10 -12 F/m). , and M i is the molecular mass of the i th species. Equation (3) is essentially the summation of individual relative permittivities weighted by their respective contributions to the overall mass. Given that empirical models on relative permittivities of most fuel constituents are readily available [5] , it is useful to reformulate (3) From equation (6) , it can be seen that the composition vector cannot be expressed as an explicit function of ε r as the mapping is underdetermined. This then leads to the S r -to-ε r relationship also being underdetermined.
Also from equation (6), note that when there are only two constituents in the fuel blend, i.e. when L = 2, then the molar fraction of one constituent can be expressed as a function of the other, namely
, thereby achieving a completely deterministic relationship, as illustrated here in Figure 1 for different propane-butane blends Figure 1 . r S vs. ε r for propane-butane blends.
From Figure 1 , it can be seen that for binary blends r S can be determined immediately through a single measurement of its relative permittivity.
However, since other hydrocarbons may exist in LPG, it is prudent to consider the general case. To illustrate this point, take an eight-component system composing of known LPG constituents ethane, ethylene, propane, propylene, n-butane, i-butane, butylene and pentane, the relationship between S r and ε r can be visualized in the following diagram In agreement with equation (6), Figure 2 shows an underdetermined mapping which corresponds to constituency of greater than two. In the absence of more information, S r cannot be explicitly determined when the number of constituents exceeds two. Fortunately, noting the boundedness of the solutions and the existence of the exhaust air-fuel ratio sensor, the use of a local optimization algorithm to approximate S r appears feasible. By firstly measuring ε r of the fuel en-route to injection, the bound within which S r resides is determined, which is then followed by the searching of S r in this bound. It may be argued that the maximum bound is taken, however the proposed approach is advantageous in minimizing convergence time of the optimization algorithm, and in turn the time during which the exhaust is deviated from stoichiometry.
The measurement of relative permittivity can be done using any form of capacitive sensor readily, as the capacitance of such a device is linearly proportional to the relative permittivity of its dielectric medium.
ESTIMATION OF THE stoichiometric air-fuel ratio USING THE METHOD OF STEEPEST DESCENT
The employment of the method of steepest descent (which shall be termed as SDM here) is motivated by the fact that the true value of S r lies within a given bound.
This 
which has the error gradient
The objective of this algorithm is to iteratively refine S rŝ uch that it approximates the optimal solution, i.e. 
The recursive formula which solves (8) is given by
where parameter µ is known as the stepsize. For stability of the S r estimate, it can be shown that the sufficient and necessary condition for stability of (9) is 0 < µ < 1.
As will be shown later, system dynamics would ultimately alter this stability bound.
EXHAUST AIR-FUEL RATIO FEEDBACK AS THE ESTIMATION ERROR GRADIENT
To use the aforementioned optimization method, errorgradient information is required, which may be provided in the form of λ feedback signal taken in the exhaust path, upstream of the catalyst. The signal provided by this sensor is the relative air-fuel ratio, Assuming that the existing air-fuel ratio controller has been well calibrated (i.e. that it has negligible contribution to the exhaust air-fuel ratio discrepancy), the exhaust λ error then reflects the normalized error in S rˆ, i.e. It can be seen here that the step-size parameter is now normalised by S r . The new stability criterion is then
Note that since S r is unknown, this algorithm become impractical. However, given an upper and lower bound on S r , it follows that if µ is chosen to be smaller than the lower bound, then stability is retained. Condition (14) then becomes
Again, system dynamics will have implications on this bound, but the effect of S r can nevertheless be seen here.
EFFECT OF SYSTEM DYNAMICS
The existence of a finite delay between the time of injection and the time of exhaust observation has implications on the stepsize bound for stability of the S r estimation. Intuitively, as the delay in observation increases, the chosen estimation algorithm must correspondingly be more conservative. With these delays modelled as in [8] , and estimation algorithm can be tuned such that stability is retained. The overall delay is quantized here as a multiple (N) of the sampling time T s .
One possible method of updating the SDM is to elapse a calculated delay before the next generating the next estimate, which the modified (9) as follows
This update method effectively prolongs the sampling period, which then implies that (15) still holds.
Alternatively, it is possible to buffer past data and retrieve as required. In other words, updates are carried out every sampling interval, using the signal from one delay period prior. Equation (13) in this case becomes
This updating method has the advantage of more rapid and smooth estimation. However, the stepsize bounds for convergence no longer holds.
Aside from delays, the feedback of the appropriate error signal may be further delayed the relatively slow dynamics of m P , which is a function of the control signal f m , which is in turn a function of S rˆ.
The goal here is to ensure convergence of f m in the presence of these system dynamics, which can be ensured by proper tuning of the stepsize parameter in the SDM. In the simulation section the stepsize bounds for convergence is presented.
IMPLEMENTATION
The implementation of the above algorithm is derived from the nominal structure of air-fuel ratio control where S r is known, shown here in Figure 3 When S r is unknown, the nominal structure can be modified to include the estimation algorithm, shown here in Figure 4 In the modified control loop, the exhaust air-fuel ratio is driven by the controller to match S rˆ. Thus, through the feedback of into the estimator, S rˆ iteratively approaches S r . Note also that in order to obtain an accurate estimate, only the estimator for S r is updated, whilst a m is not updated.
Stability of this modified control loop is maintained by virtue of the fact that the estimator is designed to be stable, presupposing that the controller-engine pair is open-loop stable (i.e. bounded output given bounded input). Asserting that the nominal controller is designed to stabilize the air-fuel ratio of the engine, this presupposition is valid. Thus, the overall closed-loop system is also stable given a stable closed-loop estimator.
SIMULATION RESULTS
The results of the control and estimation scheme described in Figure 4 was achieved on a Mean Value Engine Model of a Ford AU 4.0 liter, 6-cylinder EFI engine developed in [8] . The simulations were run with the S rˆ to be 14.7 initially, matching r S . Thereafter, r S undergoes step changes (simulating the effect of vehicle refuelling in which a different blend of gasoline may be induced into the fuel system), and S rˆ attempts to track the new S r value.
As an aside, fuel composition in the fuel rail may also be a function of fuel-tank levels [7] . However, we neglect this effect as it is also shown in [7] that changes in mole fraction of any component as a function of tank level is at most approximately only 0.5%, and consequently has little effect on the value of S r .
Using the eight hydrocarbon species shown earlier, the theoretical range in which S r resides is 14.7 to 15.99. With this information, step changes in S r are taken between 14.7 and 15.9. The operating steady state of the engine for this simulation is chosen arbitrarily by maintaining constant throttle angle. These simulations are carried out using various stepsizes, engine parameters are summarized in the following table. The first set of simulations were performed using the first updating method (equation (16)), whereby delays are elapsed before each update. The second set corresponds to the buffered updating method (equation (17)). These simulations are carried out with stepsizes that explore the behavior of S rˆ and λ up to the limit for stability, and hence arrive at a bound for the stepsize parameter. As shown in Figure 5 , applying algorithm (16) to the structure illustrated by Figure 4 , the estimation proves successful as S rˆ tracks S r satisfactorily. In Figure 6 , the same experimentation is carried out for equation (17), which yields smoother convergence as there exist no ongoing latency due to the elapsing of estimated observation delays, although an initial latency is expected upon commencement of estimation.
Stepsize µ can be chosen for the quickest convergence rate of S rˆ. As shown in Figures 5 and 6 , large µ does not necessarily give greatest rate of convergence, as these may cause overshooting and oscillatory behavior. Thus, µ must be chosen such that overshoot is limited to be within a prescribed tolerance bound from the desired value. Using a 1% tolerance band, optimal values of µ are derived empirically with results shown in Figure 7 , for algorithms (16) and (17). From the practical perspective, the algorithms proposed in this paper may be applied during engine steady state between vehicle refuelling, after a potential step change in fuel composition. Operation of this estimation scheme during periods of high engine transients is expected to render the scheme unstable
Retrospectively, a point of interest arises when the physical measurement and the iterative estimation methods proposed are combined. More specifically, given the S r -to-ε r mapping, it would be possible to estimate the in-vehicle fuel composition given a relative permittivity measurement and an estimate of the stoichiometric air-fuel ratio, as the mapping shows that a particular composition can be determined by a single S r -ε r pair.
CONCLUSION
In this paper, the issue of estimating the stoichiometric air-fuel ratio has been addressed, with consideration to the method of physical measurement, and sequential estimation. It has been shown that for binary fuel blends, the physical measurements would be ideal, however when extending to arbitrary constituency, the computational method was seen as the most suitable option. The latter was made possible by the presence of the exhaust λ sensor which provides gradient information (estimation error) for the SDM employed here. Given the appropriate choice of the stepsize parameter, the estimation scheme implemented was effective in estimating the stoichiometric air-fuel ratio. Given this, the simulation results show that discrepancies for S rˆ generally can be eliminated in a short period of time, which implies that the non-optimality of the vehicle emissions would not be prolonged.
To this end, work continues in implementing the work of this paper on a testbed engine, along with optimal and robust compensation of closed-loop system dynamics in the proposed algorithm, as well as development of improved estimators. 
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